ter the pattern of LD among the variation that persists. In general, significant LD extends over longer distances and with a more stochastic pattern in these populations [3] .
Many studies have assessed the effect of LD on type I error of linkage tests in outbred populations, considering nuclear families with simulated LD pattern [1, 2, [4] [5] [6] [7] [8] [9] . Recently, Kim et al. [10] investigated type I error rates in SNP maps of various density (and thus indirectly of different LD levels) with real and moderate LD patterns in multigenerational pedigrees with various missing genotype patterns. Li and Leal [11] further showed that intermarker LD could increase false-positive evidence of linkage in the analysis of consanguineous pedigrees when genotype data were missing for any pedigree member within a consanguinity loop.
Different approaches have been suggested to perform linkage analysis with maps that include markers in LD. Some authors propose to model LD in the Lander-Green algorithm in clusters of SNPs [6] or between adjacent SNPs only [12] . Thomas [13] incorporates LD in Markov Chain Monte Carlo linkage analysis. An alternative approach has been to perform linkage analysis using subsets of SNPs with minimum LD. Hence, Allen-Brady et al. [14] remove SNPs in high LD through a principal component analysis approach. Bacanu [8] partitions the initial panel of SNPs in k subsets by selecting one marker every k markers, starting with the first SNP for the first subset, with the second SNP for the second subset, etc. Each subset is analysed separately and final linkage statistics are the standardized averages of linkage statistics associated with each subset. If this method allows to take into account all the SNPs of the initial panel, it severely increases the computational burden of the analyses as linkage computation has to be performed for several different maps. Finally, several authors retain only one SNP from each pair of SNPs in high LD or within cluster of SNPs in high LD, using different criteria to choose the SNP to be selected. For example, Schaid et al. [15] retain only the most informative SNP, Murray [16] removes the minimum number of SNPs, Goode et al. [4] select the SNPs which create the shortest gaps in the final map, while Webb et al. [17] select the middle SNP from each cluster of high-LD SNPs (SNPLINK).
Here, we investigate approaches to linkage analysis with a dense SNP map in extended families from the isolated Hutterite population. Our study is based on a sample of individuals phenotyped for asthma related traits and genotyped for both microsatellite markers and the 500K Affymetrix SNP chip. To evaluate the amount of linkage information that can be extracted from the SNP map when LD is minimized, we consider a 30 Mb region on chromosome 12 where we detected a linkage signal with microsatellite markers, using a novel multiple pedigree splitting approach [35] . We start by considering two methods based on a block description of the LD pattern, one modelling LD in the linkage analysis [6] and another selecting a subset of SNPs with minimum LD, SNPLINK [17] . Using simulations, we show that linkage statistics are still highly inflated using either of these two methods in the extended Hutterite families.
To address this issue, we propose a new method to minimize LD in linkage analysis that we name MASEL (MArker SElection for Linkage). MASEL belongs to the category of methods [4, 15, 16] in which SNPs are iteratively selected with minimum pair-wise LD, without assuming any prior hypothesis about the pattern of LD. The novelty of MASEL is to simultaneously control for three SNP selection criteria: number of SNPs in the map, informativity, and regularity of spacing. Simulations show that the inflation of linkage statistics is better controlled with MASEL than with the two previously considered approaches.
Material and Methods

Hutterite Data
Subjects and Phenotype Many phenotypes have been evaluated in a sample of Hutterites from South Dakota, all related through a 3,028-member pedigree. The study subjects here are 667 individuals, linked through a multiple 13-generation pedigree that includes 1,840 individuals. The mean inbreeding coefficient in this sample is 0.034 (sd = 0.015), slightly greater than that of first-cousins once removed. The phenotype considered is based on the presence of self-reported asthma symptoms (at least two of the following three: cough, wheeze or shortness of breath). 132 individuals are affected in the sample and the disease prevalence is 0.22.
Microsatellite Data
Microsatellite genotyping was performed by the Mammalian Genotyping Service; 597 individuals were genotyped for both Marshfield sets 9 and 51 (658 autosomal microsatellites), 27 individuals for set 51 only (293 autosomal microsatellites) and 43 individuals for set 9 only (365 autosomal microsatellites). Six affected individuals are genotyped for set 51 only and four for set 9 only.
In a previous study [35] , we used a multiple pedigree splitting approach to perform linkage analysis for asthma symptoms with the microsatellite markers. Several different sub-pedigree sets, resulting from breaking the 1,840-member Hutterite pedigree with GREFFA [18] , were analysed. A linkage for asthma symptoms was detected on chromosome 12q21 using multipoint linkage analysis in several of these sub-pedigree sets.
In the present study, only individuals genotyped for both SNPs and microsatellites are of interest. Consequently, linkage with chromosome 12 using the microsatellite map was reanalyzed considering these individuals only (the results presented hereafter are thus slightly different from the results in Bellenguez et al. [35] ). A maximum LOD score of 3.78 is detected at 95.17 cM (about 83 Mb) in a sub-pedigree set, which is comprised of 16 extended sub-pedigrees and includes 206 genotyped and 104 affected individuals. The mean number of affected relative pairs in these sub-pedigrees is 18.7; the mean information content [20] on chromosome 12 is 0.75. Evidence for linkage of asthma or asthma-related traits to chro mosome 12q21 has been reported by many other studies [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
SNP Data
The 667 subjects were genotyped using 500K Affymetrix SNP array in Chicago and for 1, 126 
Computation of Linkage Disequilibrium
Linkage disequilibrium between SNPs was computed with Haploview [31] from 76 genotyped individuals iteratively selected from the 667 genotyped subjects so that the kinship between any pair of individuals did not exceed 0.1. In practice, we iteratively removed from the initial set of individuals the individual who had a kinship above 0.1 with the highest number of other individuals, until no individual pair with kinship above 0.1 remained.
In what follows, we consider r 2 as the measure of LD, shown to be better than D predicting inflation of linkage statistics due to LD [1, 7] . LD was computed between all SNP pairs of the 30 Mb region of chromosome 12. In this region, the mean r 2 between all SNP pairs is 0.03 (sd = 0.05). The 25, 50 and 75% quantiles are 0.003, 0.014 and 0.037 respectively. The LD pattern in this region is shown in figure 1 . Considering only adjacent SNPs, the mean r 2 between SNP pairs is 0.41 (sd = 0.39) and the 25, 50 and 75% quantiles are 0.058, 0.235 and 0.874 respectively.
Linkage Analysis with LD
Block-Based Methods: Merlin and SNPLINK
We used the LD modelling in linkage analysis implemented in Merlin 1.1.2 [6] . Briefly, in this algorithm, clusters of SNPs are first defined and LD is then modelled by estimating haplotype frequencies within each cluster. Absence of LD is assumed among markers of different clusters and absence of recombination is assumed among markers of each cluster. We used an r 2 criterion to define the clusters: markers for which pair-wise r 2 exceeds a predefined threshold are grouped together with all intervening markers in a cluster.
SNPLINK [17] implements an algorithm that creates a SNP subset with minimum LD (that we call the linkage set ) from a large initial SNP set (that we call the source set ). It first defines blocks of adjacent markers in LD and then retains only the middle SNP from each block to build the linkage set . Two SNPs are considered in LD if their pair-wise LD is above a threshold defined by the user. We used the LD measures obtained from our 76-individual sample (see 'Computation of linkage disequilibrium' above) to select SNPs in the 30 Mb region of chromosome 12 with SNPLINK.
For both methods, an r 2 threshold of 0.01 was used because it ensures the best LD control possible with the two approaches, while still allowing for good detection of the microsatellite linkage signal (see 'Results' below).
MASEL
We developed a SNP subset selection method that does not assume a LD block pattern. This method, MASEL, iteratively creates a SNP subset suitable for linkage analysis (referred to as the linkage set , as above) from a large initial SNP set (referred to as the source set , as above). Starting with two SNPs, the linkage set is cre- ated by selecting at each step a SNP of the source set that is not in LD with the SNPs already present in the linkage set . Two SNPs are considered in LD if their pair-wise LD is above a threshold T, specified by the user. A similar framework has been proposed by different authors that have suggested a variety of criteria to select the SNPs at each step. Schaid et al. [15] retain the most informative SNP, Goode et al. [4] select the SNP that minimizes intermarker distance in the linkage set , and Murray [16] tries to maximize the number of SNPs selected. Since the quality of a linkage set depends on each of these criteria, MASEL considers all of them during the selection procedure.
Initialization
Initialization of the algorithm consists in selecting at least two SNPs for the linkage set . When possible, the initial linkage set is simply made up of all the SNPs of the source set that are not in LD with any other SNPs (pair-wise LD below the threshold T). If only one SNP meets this criterion, this marker is selected with the most polymorphic SNP of the source set that is not in LD with this initial SNP to make up the initial linkage set . If all the SNPs of the source set are in LD with at least one other SNP, the two most polymorphic SNPs that are not in LD one with the other are taken to initialize the algorithm.
After this initial step, the SNPs of the source set in LD with those in the linkage set are removed from the source set . During the initialization step, if many SNPs are equally informative, the one that removes the least number of SNPs from the source set is systematically preferred.
Algorithm
Each step of the algorithm consists in adding one SNP of the source set to the linkage set (step 1, fig. 2 ) and then removing from the source set the SNPs in LD with this selected SNP (step 2, fig. 2 ).
At each step 1 and for each SNP of the source set , the algorithm computes the variance of the distance between the SNPs of the linkage set that would be created if this SNP was selected and the number of SNPs that would be removed from the source set if this SNP was selected. Three ranks are then assigned to each SNP of the source set : rank dist corresponding to the inter-SNP distance variance; rank size corresponding to the number of SNPs removed from the source set and rank het corresponding to its minor allele frequency. rank dist and rank size are built in increasing order while rank het is built in decreasing order. rank dist = 1 for the SNP minimizing the inter-SNP distance variance, rank size = 1 for the SNP minimizing the number of SNPs removed from the source set and rank het = 1 for the SNP with the highest heterozygosity. Two SNPs can have an equal value for one or two criteria. In this case, SNPs are sorted according to the other criteria. For example, if two SNPs have the same MAF, the smallest rank het is assigned to the SNP minimizing the inter-SNP distance variance.
Finally, the algorithm computes for each SNP of the source set : M = w het rank het + w dist rank dist + w size rank size where w het , w dist and w size are weights that are applied to each criterion. The SNP of the source set that minimizes M is finally added to the linkage set . Then, in step 2, SNPs with a LD above the threshold T with this selected SNP are removed from the source set . The algorithm is applied until no SNP remains in the source set .
MASEL thus tries to generate a linkage set made up of a high number of informative SNPs with pair-wise LD lower than the threshold T and uniformly distributed (the rationale for minimizing the inter-SNP distance variance). Four parameters have to be specified by the user: the LD threshold and the three criterion weights. This algorithm is implemented in a Perl program, available from the authors. Even if we present MASEL in the context of linkage analysis, the program can be used to select a SNP map for other analyses that require markers with minimum LD, as for example genome-based inbreeding estimation following the method proposed by Leutenegger et al. [33] .
Linkage Analysis
Multipoint nonparametric linkage analysis was performed with the LOD score based on Spairs with the exponential model [34] in the same 16 Hutterite sub-pedigrees considered in the microsatellite analysis. All 2,228 SNPs of the region are used in Merlin 1.1.2 for the LD modelling option, whereas the linkage sets created with SNPLINK and MASEL are considered without the modelling LD option in Merlin. We make the assumptions that 1 Mb is approximately equivalent to 1 cM in the analysis.
Control of LD-Driven Bias
We designed two different simulation schemes under the null hypothesis of no linkage to assess whether false positive evidence of linkage still occurs when LD is minimized using Merlin, SNPLINK and MASEL. We underline that these two simulation schemes are not designed to assess the significance of the results obtained in our data. The first simulation scheme is based on nuclear families while the second uses extended families with a structure similar to that of the 16 Hutterite sub-pedigrees of our data. In both cases, a phenotype re-assignment is performed to simulate a trait unlinked to markers while keeping the observed genotypes. We thus consider the particular LD pattern of the Hutterite population and, since individual genotypes are not available for all markers, the missing genotype pattern of our data.
Simulations on Nuclear Families
With these simulations, we seek to assess the LD-driven bias through the comparison of linkage statistics computed under the null hypothesis of no linkage in nuclear families with missing parental genotypes to those computed when parental genotypes are available, the latter is used as the reference.
82 nuclear families with both parents genotyped are available in the 1,840-member Hutterite pedigree. Sibship sizes range from 2 to 10. Phenotype assignment is applied on the 359 children of these families by assigning to each child a value from a uniform distribution between 0 and 1. The child is considered affected if this value is below 0.22, the prevalence of the disease in our data.
5,000 replicates were performed. For each of them, two runs of linkage analysis were carried out on informative families (families with at least two affected children). The first considers parental genotypes while in the second, parental genotypes are set as unknown. In both cases, the statistic of interest (LOD) is computed with Merlin several times: on the linkage set created by SNPLINK, on the linkage sets created by MASEL, on the microsatellite map, and on all the SNPs (using in this latter case the LD modelling option with r 2 = 0.01). To ensure comparable information content in the 30 Mb region of interest between the SNP and microsatellite analyses, all microsatellites of chromosome 12 were used in the multipoint computation.
For each analysis, the maximum LOD score is identified in each replicate. The empirical distributions of these maximum LOD values are used to estimate the empirical significance thresholds at 5% ( ST ) in each situation of family configuration and marker map.
We note that we compare results obtained on the same replicates considering parental genotypes available or not. Thus, the fact that the number of affected individuals varies between replicates should not have impact our conclusions.
Simulations on Extended Families
These simulations aim to assess LD-driven bias in family structures similar to those of the 16 Hutterite extended families of our data. In these simulations, the results obtained on the microsatellites are used for comparison.
Contrary to the 82 nuclear families we considered in the previous simulation scheme, the 16 extended families of our data were selected so as to include a great number of affected individuals. Because 104 of the 206 genotyped individuals of the 16 extended Hutterite sub-pedigrees are affected, the phenotype assignment could not be performed in an optimal way in those families (an important proportion of individuals would be considered as affected in agreement with their real observed phenotype. The region under study being linked to the phenotype, an important proportion of replicates would be closed to the alternative hypothesis). The phenotype assignment procedure described for the nuclear families is thus applied on the 667 genotyped individuals of the 1,840-member Hutterite pedigree. For each replicate, the 1,840-member pedigree is broken in extended families with GREFFA [18] , setting GREFFA parameters to the values used to create the 16 Hutterite extended families of our data. Only replicates for which all sub-pedigrees have a bit size under 23 are analysed (considering bit size equals 2n -f , with n the number of non-founders and f the number of founders). For each of these replicates, linkage analysis is performed on the extended families for the linkage set created by SNPLINK, the linkage sets created by MASEL and the microsatellite map. Because the complexity of the extended families is intractable by the Merlin LD modelling option for many replicates, these simulations could not be conducted for the whole SNP map. Empirical significance thresholds at 5% associated to the maximum LOD scores are then estimated on 5,000 replicates for the maps considered.
In this procedure, affected individuals differ between replicates. Consequently, the number and the structures of the extended families also vary. However, similarly to the note we made on simulations performed on nuclear families, we compare the significance thresholds obtained with the microsatellite and the SNP maps on the same replicates. Consequently, the fact that the number of affected individuals and families differ between replicates will not matter.
Besides, to generate the extended families for the simulations, we used the same fixed parameter set as the one used to create the 16 extended Hutterite families of our data. This ensures a comparable complexity of families between those used in the simulations and those available in our data. We thus expect that the conclusions made according to the simulations will apply to our data.
Results
Block-Based Methods: Merlin and SNPLINK
The 2,228 SNPs in our region of interest are modelled in 113 SNP clusters by Merlin in the 16 extended Hutterite sub-pedigrees. A maximum LOD score of 4.36 is detected at 84.59 Mb with a region-wide mean information content of 0.91 ( table 1 ) .
The linkage set selected using SNPLINK is comprised of 168 SNPs (see table 2 for details). A maximum LOD score of 4.37 is detected at 86.22 Mb with this map, the mean information content being 0.9 ( table 1 ). In both cases, the linkage signals are stronger and the information content greater than with the microsatellite map (see fig. 3 and table 1 ). This may result either from the greater information content using SNP maps or from residual LD between SNPs that may have falsely increased these statistics. These alternative hypotheses can be distinguished by the simulations performed under the null hypothesis ( table 3 and 4 ) .
When simulations under the null are performed on the nuclear families with available parental genotypes ( table 3 ), significance thresholds for a type I error rate of 0.05 are slightly higher for the SNP maps than for the microsatellite map ( ST of 1.30, 1.46 and 1.50 for the microsatellite map, the SNPLINK linkage set and the SNP map with modelled LD respectively). This may be due to the greater density of the SNP maps and, therefore, the higher information content of those maps. Further, as we consider the real observed genotypes, parental genotypes may not be available for all markers. Thus, a small linkage bias might be generated in the presence of LD because of these missing data.
When parental genotypes are removed, we observe an increase of the significance thresholds for the SNPLINK Fig. 2 . MASEL algorithm. Results are given for the microsatellite markers, the SNPLINK linkage set, the SNP map with LD modelled by Merlin and the linkage sets created with MASEL using the weighting scheme Step 2
Step 1
Initialization linkage set and the SNP map with modelled LD, even if linkage information is reduced. This increase is similar for both SNP maps (+0.73 for the SNPLINK linkage set and +0.77 when LD is modelled) and suggests that linkage statistics are still falsely inflated when LD is minimized using Merlin or SNPLINK. Note that in these analyses the value of the significance threshold at 5% also slightly increases with the microsatellite map (+0.11). Indeed, although spaced 4.39 cM apart on average, residual LD is present among the microsatellites in this small and highly inbred population (see fig. 4 A, B) . Simulations in the extended families confirm the results in nuclear families for the SNPLINK linkage set ( table 4 ). Indeed, we observe a +0.72 increase between the significance thresholds of the SNPLINK linkage set and the microsatellite map ( ST of 1.59 for the microsatellite map and of 2.31 for the SNPLINK linkage set ). This increase is notably more important than the one observed in the nuclear families with parental genotypes available and explained by the difference in information content between the two maps. It is also comparable to the +0.78 increase observed in the nuclear families and caused by missing parental genotypes ( ST of 1.41 for the microsatellite map and of 2.19 for the SNPLINK linkage set ). Thus, the increase in significance threshold between the microsatellite map and the SNPLINK linkage set observed in extended families is certainly due to residual LD in the SNPLINK linkage set .
A sizeable inflation of linkage statistics is thus expected when LD is minimized using Merlin or SNPLINK in our SNP map, even with a very stringent r 2 threshold of 0.01. Our simulations suggest that the +0.59 (for SNPLINK) and +0.58 (for LD modelling) increase in maxLOD on the real data ( fig. 3 and table 1 ) compared to the microsatellite map may be completely explained by the residual LD in the maps. The block structure of LD on which these two approaches rely does not seem to be an appropriate model for linkage analysis in the Hutterite population, even when weak constraints on LD (here, we used r 2 = 0.01) are considered to define the blocks. The Results are given for the microsatellite markers, the SNPLINK linkage set and the linkage sets created with MASEL using the weighting scheme (1, 1, 1) with r 2 thresholds T of 0.03, 0.04, 0.05, 0.07, 0.1 and 0.15. 
MASEL Linkage Set Characteristics and Linkage Results
Different linkage sets of the 2,228 SNPs available in the 30 Mb region were generated with MASEL, using six different r 2 thresholds T of 0.03, 0.04, 0.05, 0.07, 0.1 and 0.15 and four different weighting schemes for each of the six LD thresholds. Only small variations of the criterion weights were considered to ensure that all criteria are taken into account. These four different weighting schemes are (1, 1, 1), (1, 1, 2), (1, 2, 1), (2, 1, 1) , using the notation ( w het , w dist , w size ).
Four linkage sets , all created with T = 0.04, but each with a different weighting scheme, are characterized in table 5 , through the number of SNPs they include, the mean and median MAF of the SNPs in the set, the mean, standard deviation and maximum inter-SNP distance in the set and the median r 2 between SNPs of the set. Mean information content of the linkage sets and maximum LOD scores detected on the 16 Hutterite sub-pedigrees with each set are also given. The same statistics are summarized for the linkage sets created with the other r 2 thresholds T in table 6 . For each LD threshold, we present the variation ranges of the statistics, corresponding to the four weighting schemes.
Characteristics of the linkage sets built using the same r 2 threshold T but with different weighting schemes are very similar ( table 5 and 6 ). Even if the median MAF varies slightly between the linkage sets generated with the same T, the information content is not modified.
The number of SNPs, the information content and linkage statistics increase with the r 2 threshold T used ( table 6 ) . In all cases, only a small part of the SNPs available in the source set are considered in the linkage sets . Using the least stringent r 2 threshold T of 0.15, the maximum number of SNPs included in the linkage sets is 191 (8.6 % of the number of SNPs in the source set ). With the most stringent r 2 threshold T of 0.03, only 17 to 21 SNPs are included in the linkage sets (less than 1% of the number of SNPs in the source set ).
Compared to the other linkage sets , the linkage sets created with T = 0.03 show a low information content (minimum of 0.74 compared to 0.80 with the linkage sets created with T = 0.04) and the linkage signal is not always detected (maximum LOD scores between 2.66 and 3.49). Results are much better with the linkage sets generated with T = 0.04, yielding a maximum number of SNPs of 28 and maximum LOD scores between 3.67 and 3.78, similar to that obtained on the microsatellite map (maximum LOD score of 3.78 for the microsatellites). 
Control of LD-Driven Bias
To assess whether false positive evidence of linkage still occurs when LD is minimized with MASEL, significance thresholds at 5% of the maximum LOD score that can be observed in nuclear and extended families were estimated from the replicates generated under the null hypothesis to evaluate SNPLINK. These replicates were analysed with the linkage sets created using the weighting scheme (1, 1, 1) for the six LD thresholds. Results of these simulations are given in table 3 and 4 .
When parental genotypes are available, significance thresholds at 5% increase with the r 2 threshold T used to generate the linkage sets , and therefore with the number of markers in the linkage sets ( table 3 ) , but are relatively close to the microsatellite threshold. When parental genotypes are missing in nuclear families, the increase in threshold is always larger than the one observed with the microsatellite map. It varies from +0.22 when T = 0.03 to +0.68 when T = 0.15. LD-driven bias may thus still occur, even when using a stringent T of 0.03, but this inflation is reduced as compared to the results obtained with Mer- Simulations on extended families ( table 4 ) confirm this increase in significance threshold with the linkage sets created with T higher than 0.05. However, for the linkage sets generated with T = 0.03 and T = 0.04, significance thresholds (1.60 and 1.64 respectively) are very similar to the one observed for the microsatellite map (ST of 1.59). Thus, the increase seems to be well controlled in extended families for the SNP map created with T = 0.04, contrary to what was observed in nuclear families with parental genotypes missing: the difference between significance thresholds obtained on this linkage set and on the microsatellite map is greater in the simulations performed on nuclear families with no parental genotypes available (difference of 0.24, table 3 ) than on those performed on extended families (difference of 0.05, table 4 ). This may be due to a smaller impact of LD because more individuals are genotyped in extended families compared to nuclear families with all parental genotypes missing. 
Discussion
In this study, we evaluate linkage bias due to LD in SNP maps in the special case of the highly complex Hutterite population. We considered a 30 Mb region on chromosome 12 where a linkage signal for asthma symptoms was detected using microsatellite markers. Simulations performed using the real LD pattern observed in the Hutterites showed that sizeable inflation of linkage statistics may still occur when LD is minimized by Merlin or SNPLINK. In our data, LD is not well controlled by these methods, which are both based on LD block patterns. Because of its history, the Hutterite population may indeed show a more stochastic pattern of LD that is not well captured by blocks.
To allow for better control of LD among the SNPs, we developed MASEL, which does not assume a block-like pattern of LD. MASEL iteratively generates a linkage set by selecting SNPs with pair-wise LD below a threshold T. Simulations show that inflation of linkage statistics is better controlled with MASEL than with Merlin or SNPLINK in the Hutterite pedigree, provided that a very stringent LD threshold is used. On the other hand, compared to Merlin or SNPLINK, fewer SNPs are considered in linkage analysis when LD is minimized with MASEL, which has an impact on the information content ( table 1 ).
The discussion on the r 2 threshold highlights the key question related to linkage analysis with dense SNP maps in populations with extended and stochastic patterns of LD: is it possible to extract a SNP map at least as informative as the microsatellite map but free of LD-driven bias? From the results we present on nuclear families with all parental genotypes missing, the answer is unfortunately 'no'. A LD threshold as low as 0.03 still creates a LD-driven bias that is slightly higher than the one observed with the microsatellite map. Yet, the number of SNPs in the corresponding linkage set is so low that linkage detection is not as good as the one obtained with the microsatellites.
Fortunately, the situation is more favourable when considering extended families available in this type of population. In family structures similar to those of the 16 Hutterite extended families, LD-driven bias is well controlled with the linkage sets generated by MASEL at a r 2 threshold of 0.04. A smaller impact of LD is indeed expected in extended families because they include non affected genotyped individuals who provide additional information about founder genotypes. Hence, Huang et al. [2] nearly eliminate false positive evidence of linkage by adding two unaffected siblings in nuclear families with one affected sib-pair and missing parental genotypes. Kim et al. [10] also found that the severity of the type I error inflation increases as the amount of missing genotype data increases.
Linkage signals detected by the linkage sets generated by MASEL with a r 2 threshold of 0.04 are all located in the same region, between 87 and 90 Mb. The spatial variance of the linkage statistics is thus limited among the linkage sets . These linkage statistics are similar to that obtained with the microsatellite map. This, in turn, means that the correlations among SNPs on standard genotyping platforms are sufficiently high in this population that obtaining a linkage map that is more informative than a dense microsatellite map may be difficult, if not impossible, to extract. Indeed, it seems that LD level between markers must be very low to avoid bias in linkage statistics. Thus, even if only small differences in LD are observed between some isolated populations and large populations, this may be sufficient to lead to a substantial reduction of the number of SNPs that can be considered for linkage analysis. However, even if no additional linkage information can be gained from SNPs compared to microsatellites in these populations, a gain in power should arise from the possibility of conducting linkage and association studies using the same set of markers.
New SNP panels can include more than one million SNPs and consequently more SNPs in LD. We thus expect that MASEL will remove even more SNPs from those panels as compared to what we observe with the 500K SNP chip to ensure no bias due to LD when analysing the linkage map. However, MASEL will probably extract denser and more informative maps thanks to the greatest amount of information available in those panels.
